Although elevated concentrations of serum bile acids have frequently been demonstrated in patients with liver disease (2, 3), little other information concerning the effect of hepatic impairment on the metabolism of these substances is known. Josephson (4), utilizing a nonisotopic intravenous cholic acid tolerance test, found that obstructive jaundice could be differentiated from hepatoparenchymal disease by increased retention of cholic acid in the serum 5 and 30 minutes after injection of a 0.5-g test dose. More recently, Carey (2) showed that the ratio of concentrations of serum trihydroxy-to dihydroxy-bile acid, rather than the absolute concentrations in patients with liver disease, may provide important diagnostic and prognostic information.
Although elevated concentrations of serum bile acids have frequently been demonstrated in patients with liver disease (2, 3) , little other information concerning the effect of hepatic impairment on the metabolism of these substances is known. Josephson (4) , utilizing a nonisotopic intravenous cholic acid tolerance test, found that obstructive jaundice could be differentiated from hepatoparenchymal disease by increased retention of cholic acid in the serum 5 and 30 minutes after injection of a 0.5-g test dose. More recently, Carey (2) showed that the ratio of concentrations of serum trihydroxy-to dihydroxy-bile acid, rather than the absolute concentrations in patients with liver disease, may provide important diagnostic and prognostic information.
In the present study, bile acid metabolism in human liver disease was further investigated after the intravenous injection of isotopically labeled cholic acid into patients with Laennec's cirrhosis and into normal subjects. Comparisons were then made of the first 60-minute plasma clearance of radioactivity, the rate of conjugation, and the late clearance of plasma cholic acid in both groups; finally, from these data and the plasma cholic acid concentration, cholic acid pool sizes and turnover rates were calculated in the cirrhotic group.
The use of isotopic bile acid had several advantages: First, it circumvented the need for amounts of test material large enough to alter bile acid physiology. Second, it permitted the detection of cholic acid and its derivatives in body fluids without the need for complex chemical measurement, purification, or both. Finally, changes in specific radioactivity permitted evaluation of bile acid kinetics. $ tj = half-time. § Sandberg and associates (gas-liquid chromatography) (3).
Methods
l Lindstedt (bile) (8) . ¶ Highest value in four normal subjects.
Methods. Labeled materials were dissolved in sterile 5% NaHCOs solution and were sterilized by passage through an 0.8-su filter4 before intravenous injection. The dose of cholic acid-24-1"C ranged from 4 to 15 juc, whereas two cirrhotic patients received 30 and 33 ,uc of tritiated cholic acid. Serial plasma specimens were obtained from a vein other than the one injected 10, 20, 40 , and 60 minutes, and then daily, after injection.
Plasma isotope fractionation. Bile acids were extracted from plasma with 5 vol of isopropyl alcohol at 650 C for 30 minutes. After centrifugation at 1,800 rpm for 10 minutes, the supernatant was evaporated to dryness and the residue redissolved in 3 ml of absolute methanol. This portion was then applied to a chromatographic column of 15 g of Florisil. Isotope separations were carried out by a technique described in part previously (9) by utilizing the following elutions: 1) 100%o ethyl ether, which elutes only neutral lipids; 2) acetic acid: ethyl ether (1: 24), which elutes nonconjugated dihydroxy acids but no trihydroxy or conjugated forms; 3) acetic acid: ethyl ether (1: 9), which elutes nonconjugated cholic acid but neither of the conjugated acids tested; and 4) acetic acid: methanol (1: 9), which quantitatively elutes conjugated bile acids by using labeled taurocholic acid as a test substance. The completeness and specificity of these separations were confirmed with test solutions of repurified deoxycholic acid-24-1'C, chenodeoxycholic acid-24-"C, 0.361
determined by the method of Mosbach, Kalinsky, HalResults pern, and Kendall (11) . The conjugated cholic acid concentration was corrected for total isotope loss ocInitial plasma clearance of isotopic cholic acid. curring during the hydrolysis procedure, and as previ-The rate of dearance of injected isotopic cholic ously reported (3) loss was as great as 40%. Total acid in a group of seven normal subjects during plasma cholate was then calculated, assuming that the the first 60 minutes was compared to that of eight per cent of unlabeled cholic acid conjugated is the same as that of labeled cholic acid. The value presented in patients with cmrrhosis ( Figure 1 ). In the nor- Table I is the mean of at least two determinations 2 to 4 mal group, the mean half time of cholic acid was days after isotope injection.
12.6 ± 1.6 minutes, whereas in the cirrhotic group (Table III) .
Plasma radioactivity 1 to 7 days after injection. In the normal subjects, plasma radioactivity was undetectable in all specimens obtained more than 6 hours after injection of isotopic cholic acid. In striking contrast, significant plasma radioactivity was demonstrable for up to 14 days in 12 cirrhotic patients (Figure 2) . From 50 to 100%o of this radioactivity appeared in the conjugated fraction throughout this period in the nine subjects, and when this fraction was hydrolyzed 40 to 60%o was found to have been converted to a dihydroxy form.
Plasma cholic acid concentration. Plasma cholic acid concentration was measured in the conjugated bile acid fraction after hydrolysis in six cirrhotic subjects. The concentrations ranged from 6.3 to 70.0 ,tg per ml with a mean of 23.6 (Table I) Cholic acid pool sizes and turnover rates in six cirrhotic patients. The persistence of systemic cholic acid radioactivity as well as measurable levels of plasma cholic acid content permitted the evaluation of bile acid dynamics in cirrhotic subjects without the need to sample bile or feces. Specific activity decay curves were determined from isotopic measurements in combination with chemical determination of serum cholic acid concentrations. Representative regression lines from four subjects calculated by the method of least squares (12) are shown in semilogarithmic plot in Figure 3 . The points constituting the two curves that are not depicted in Figure 3 had less deviation about their calculated line than that obtained in subject A.C. and slopes within the range of the other four curves.
The mean values for half time, pool size, and calculated daily production of cholic acid were 1.7 days, 3.76 g, and 1.12 g, respectively (Table I) . These values can be compared to similar data obtained from biliary bile acid decay curves in normal subjects reported by Lindstedt (8) . The values obtained for the half time of cholic acid for the patients in the present study were all within the range reported by that author. Pool size and daily production rate, however, exceeded the normal in four of our six subjects. These values were two to four times the highest figures reported in his study.
Urinary loss of isotope 1 to 7 days after injection. In contrast to four normal subjects in whom total isotope loss did not exceed 0.12%o in 7 days, the loss in cirrhotic subjects ranged from 8.6 Normally in man, cholic acid is synthesized in the liver from cholesterol and excreted with bile in conjugated form'into the intestine. It-is then largely reabsorbed into the portal circulation, virtually none being found in the systemic blood or urine. The bile acid pool is therefore confined to the liver, bile ducts, intestine,-portal circulation, and feces. The rapid and permanent disappearance from the systemic circulation of isotopically labeled cholic acid foufid in the present study after intravenous injection in normal subjects reflects this enterohepatic localization of the:,bile acid pool. The cirrhotic patient was found to handle isotopic cholic acid differently in several ways. It was cleared more slowly from the plasma, conjugated to a lesser degree, and, in greatest contrast to normal subjects, reappeared to circulate in the systemic blood for as long as 14 days.
Although in the cirrhotic group the mean decline of isotope for the first hour after injection of radioactive cholic acid was about one-third that of the normal subjects, the rate of removal of cholic acid from the systemic blood into the biliary system may have been abnormally high in view of the very high plasma content of bile acid in patients with cirrhosis, ranging from tens to hundreds of times the normal shown both in the present study as well as in those previously reported (2, 3) . The fractional disappearance rate of cholic acid was approximately 1 % per minute in the normal group, so that at a mean plasma concentration of 20 ,g per ml, compared to 0.2 for normal subjects, actual transport rates would be more than 25 times higher in the patients with cirrhosis. The possibility also remains that differences in time required for distribution of isotope in the initial volume of distribution exist between normal and cirrhotic subjects and may play a role in the differences observed in decay rates.
Similarly, the lower per cent of isotope conjugated 60 minutes after radioactive cholic acid injection must also be evaluated in terms of the striking difference in circulating bile acid content between normal and cirrhotic subjects. In the present study, up to 50%o of systemic cholic acid was unconjugated in the cirrhotic group so that, unlike in normal controls, a very large pool of systemic free bile acid must have been present to dilute the injected material. Therefore, the observed per cent conjugation of isotope, which is two-thirds normal, represents actual conjugation of a much larger mass of cholic acid in the cirrhotic subjects.
Regardless of the quantitative comparisons, a high per cent of isotopic cholic acid remaining in the plasma 60 minutes after injection was found to be conjugated, both in normal and in cirrhotic subjects. This finding suggests that, although biliary bile acids are essentially all conjugated (13), the rate-limiting factor in the clearance of cholic acid from the systemic blood is some process other than conjugation. This may be similar to the mechanism of clearance into the bile of bilirubin (14) , but sulfobromophthalein sodium differs in that larger quantities are excreted into the bile without conjugation (15) . Although the conjugated isotope observed at 60 minutes could represent material conjugated by the liver, excreted into the intestine, and reabsorbed, this possibility seems unlikely in view of the high per cent conjugation evident by 20 minutes. In normal subjects in whom conjugation was even higher, this could not be the mechanism, since reabsorption of bile acids into the systemic blood occurs only to a very small extent, certainly less than in cirrhotic patients.
In cirrhosis, the high levels of bile acids in the systemic blood, the reappearance of isotopic cholic acid, and the persistence of systemic radioactivity for as long as 14 days after the injection of radioactive cholic acid represent striking deviations from normal bile acid metabolism. Furthermore, cholic acid pool size as estimated in the present study exceeded normal values in four of six patients studied. Since fractional turnover rate was the same as normal, daily turnover was also increased. The cause of these deviations from normal is not evident from the present studies. Increased pool size is consistent with the distribution of bile acids in both the systemic and enterohepatic compartments, an abnormality that could result either from ana-tomical portosystemic connections or impaired bile acid extraction from portal blood by hepatic cells. In the two subjects in whom pool size was normal, however, evidences of parenchymal damage and of abnormal portosystemic connection were present. Further study is necessary to delineate the factors in cirrhosis most directly related to these bile acid abnormalities.
Similarly, the increased 24-hour turnover rate also seen in four of the six cirrhotic subjects in this study cannot be explained by the findings of this investigation. Urine loss, which does not occur in the normal subject, becomes considerable (reaching 67% in one instance) in these cirrhotic subjects as a consequence of the high systemic concentration, but the poor correlation between daily turnover of cholic acid and urine loss suggests that other mechanisms may be operative. This unaccounted loss would be fecal and the mechanism for its increase over normal, if present (16, 17) , is not indicated from this study.
Summary
Isotopic cholic acid was injected intravenously into nine patients with Laennec's cirrhosis and into seven normal subjects. The initial removal rate was significantly depressed in cirrhosis, as was the per cent of isotope conjugated at 60 minutes. The most striking difference was the persistence of radioactivity in systemic plasma in cirrhosis for up to 14 days, compared to the permanent absence of radioactivity in normal plasma after 6 hours following injection. This persistence of radioactivity, together with the measurably high plasma cholic acid concentrations in cirrhotic subjects, permitted determination of bile acid kinetics. In four of six subjects, cholic acid pool size and turnover rate greatly exceeded values reported in normal subjects, whereas half-time for plasma falloff was within the normal range.
